Viral hepatitis is still a public health problem affecting several million people around the world. Neutrophils are polymorphonuclear cells that have a critical role in antibacterial infection. However, the role of neutrophils in viral infection is not fully understood. By using a mouse model of lymphocytic choriomeningitis virus infection-induced viral hepatitis, we observed increased neutrophil recruitment in the liver accompanied by enhanced CD8 + T-cell responses. Liver neutrophils expressed high levels of immunomodulatory cytokines, such as C-X-C chemokine ligand 2, arginase-1, inducible nitric oxide synthase and interleukin (IL)-10, demonstrating immunosuppressive properties. Depletion of neutrophils in vivo by a neutralizing antibody resulted in the exacerbation of liver injury and the promotion of T-cell responses at the immune contraction stage. IL-33 significantly induced neutrophil recruitment in the liver and attenuated liver injury by limiting effector T-cell accumulation. Mechanistically, we found that IL-33 promoted the expression of arginase-1 in neutrophils through the type 2 innate lymphoid cell (ILC2)-derived IL-13. Additionally, IL-13 increased the inhibitory effect of neutrophils on CD8 + T-cell proliferation in vitro, partially through arginase-1. Finally, we found that IL-13 induced arginase-1 expression, depending on signal transducer and activator of transcription factor 6 (STAT6) signaling. Therefore, IL-33 induced immunosuppressive neutrophils via an ILC2/IL-13/STAT6 axis. Collectively, our findings shed new light on the mechanisms associated with IL-33-triggered neutrophils in the liver and suggest potential targets for therapeutic investigation in viral hepatitis.
INTRODUCTION
Viral hepatitis is a major public health problem affecting millions of people worldwide. Acute infection with hepatitis A, B and C viruses (HAV, HBV and HCV, respectively) can cause fulminant hepatic failure, characterized by massive necrosis of liver cells. 1 Despite these acute symptoms, persistent infections with HBV and HCV lead to chronic hepatitis that is associated with life-threatening liver damage, including fibrosis, cirrhosis and hepatocellular carcinoma. 2 The activity of cytotoxic T lymphocytes (CTLs) is a key factor that determines the clinical outcome of viral hepatitis. 3 Activated CD8 + T cells can protect against viral infections by secreting antiviral cytokines (for example, interferon (IFN)-γ and tumor necrosis factor (TNF)-α) and eliminate infected hepatocytes by perforin/ granzyme and Fas ligand-mediated killing. 4 Because CTLs can also damage uninfected bystander parenchymal cells and cause liver injury, their functions need to be tightly regulated. 5 The chromatin-associated nuclear factor IL-33 is the IL-1-like cytokine ligand for the ST2 receptor. 6 Owing to the broad expression of the ST2 receptor, IL-33 functions in both innate and adaptive immune cells, including granulocytes, dendritic cells, macrophages, natural killer cells, innate lymphoid cells (ILCs) and T cells. 7 As an alarmin molecule, IL-33 synergizes with T-cell receptor and IL-12 signaling to promote the effector function of CD8 + T cells. 8 IL-33 can expand myeloid-derived suppressor cells (MDSCs) and Foxp3 + regulatory T (Treg) cells in transplant models 9, 10 or impair the established immunological tolerance in the lungs by inhibiting the immunosuppressive function of Treg cells. 11 Therefore, IL-33 can have distinct roles, depending on the different organs and animal models. In viral infection, deficiency in IL-33/ST2 signaling results in impaired antiviral CTL responses and viral persistence, 12 while IL-33 treatment promotes IFN-γ expression and protects the liver against injury. 13 However, the underlying mechanism by which IL-33 regulates immune cells and protects the liver during viral infection is not entirely clear.
The role of neutrophils in antibacterial immunity is well defined; however, its role in antiviral immunity is less clear. 14 Increased neutrophils were observed in lymphoid organs and blood after 7 days postinfection (dpi) in a mouse model of persistent viral infection but not in infection with an acute viral strain. 15 In a clinical study, the reduction of neutrophil counts was observed in HCV patients with completed peginterferon and ribavirin treatment. 16 Increasing evidence has demonstrated that, beyond their antibacterial roles, neutrophils function as decision shapers for both innate and adaptive immune responses. 17 Interestingly, neutrophils share similarities with granulocytic myeloid-derived suppressor cells (GMDSCs) and display immunosuppressive properties toward immune cells. 18 Recently, neutrophils were demonstrated to inhibit CD8 + T-cell proliferation and facilitate metastasis in a mouse tumor model. 19 These findings indicate that neutrophils may have an immunosuppressive action in viral infection by regulating CD8 + T-cell responses. Notably, IL-33 can enhance neutrophil influx to the site of bacterial infection. 20 Similar findings were also reported in a mouse model of rheumatoid arthritis. 21 Moreover, IL-33 can potently induce type 2 innate lymphoid cells (ILC2) in viral hepatitis, 13 and ILC2-derived type 2 cytokines (for example, IL-13) are essential for the education of immunosuppressive leukocytes, including MDSCs and granulocytes. 22, 23 These immunosuppressive cells can inhibit T-cell proliferation and responses in several ways, such as the release of reactive oxygen species and upregulation of arginase-1 (Arg-1). 17 Therefore, we speculated that IL-33 induces immunosuppressive cells through ILC2-derived type 2 cytokines and limits excessive T-cell responses in viral hepatitis.
In this study, we infected mice with the lymphocytic choriomeningitis virus (LCMV), which causes T-cell-mediated hepatitis. [24] [25] [26] We demonstrated that neutrophils have a hepatoprotective role at the immune contraction stage. IL-33 treatment increased neutrophil recruitment in the liver and protected the liver by limiting excessive T-cell responses. We further revealed that IL-33 promoted Arg-1 expression in neutrophils through an ILC2/IL-13/signal transducer and activator of transcription factor 6 (STAT6) axis. This research could be beneficial in translational research and clinical therapeutics for liver diseases.
MATERIALS AND METHODS
Animals, infection and treatment C57BL/6 (B6) mice from the Jackson Laboratory (Bar Harbor, ME, USA) were bred and maintained under specific pathogenfree conditions in the University of Texas Medical Branch (UTMB, Galveston, TX, USA) animal care facility and were used at 7-10 weeks of age. All procedures were approved by UTMB's Institutional Animal Care and Use Committee and were performed according to NIH Guidelines. In all cases, mice were intravenously injected with 2 × 10 6 plaque-forming unit of LCMV strain Clone 13 (Cl 13) to induce acute hepatitis. Some infected mice were intraperitoneally injected with recombinant IL-33 (rIL-33, 1 μg/mouse; Biolegend, San Diego, CA, USA) or phosphate-buffered saline (PBS) daily starting on 1 dpi. For neutrophil depletion, infected mice were treated with the antiLy6G antibody (Ab; 300 μg/mouse) every other day. 27 The isotype Ab was used as a control.
Hematoylin and eosin (H&E), histological scores and immunohistochemistry (IHC) Liver specimens were fixed in 10% buffered formalin. Paraffinembedded sections were stained with H&E for histological evaluation using a modified Knodell scoring system. 28 For IHC staining, the sections were treated and incubated overnight with rat-anti-mouse Ly6G Ab, followed by staining with goat anti-rat IgG Ab (1:200, Vector Labs, Burlingame, CA, USA) for 30 min at room temperature. The sections were then stained with alkaline phosphatase-conjugated streptavidin (1:200, Vector Labs) and Vector Red alkaline phosphatase substrate and counterstained with hematoxylin (Sigma, St Louis, MO, USA).
Isolation of lymphocytes from tissues
Intrahepatic lymphocytes (IHLs) were isolated according to our previous method. 29 Briefly, the liver was perfused and digested with 0.05% collagenase IV (Roche, Indianapolis, IN, USA) at 37°C for 30 min. Cell suspensions were passed through a 70-μm nylon cell strainer to yield single-cell suspensions. IHLs were purified by centrifugation (400g) at room temperature for 30 min over a 30/70% discontinuous Percoll gradient (Sigma). For neutrophil isolation, bone marrow cells, splenocytes and IHLs were incubated with phycoerythrin (PE)-anti-Ly6G Ab, followed by incubation with anti-PE magnetic beads (Miltenyi Biotec, Auburn, CA, USA). Cell purification was performed by using positive selection in the LS column. The purity of neutrophils was confirmed by flow cytometry.
Cell culture ILC2 were isolated and cultured as in our previous report. 13 The supernatant from 5-day-cultured ILC2 was collected for in vitro experiments. Anti-IL-13 Ab (2 μg/ml) was used to block the IL-13 signals in vitro. For the ILC2 and neutrophil co-culture experiments, transwell inserts with a pore size of 0.4-μm were used. Briefly, neutrophils (1 × 10 6 ) were cultured in the lower chambers with ILC2 in the upper chambers for 16 h. After culture, the neutrophils were collected for transcript level analysis. The inhibitors were added to the cell culture 2 h prior to stimulation with cytokines and the ILC2 soup.
For the proliferation experiment, carboxyfluorescein succinimidyl ester-labeled splenic CD8 + T cells from naive mice (2 × 10 5 ) were incubated with neutrophils (2 × 10 5 ) in an anti-CD3 Ab (5 μg/ml)-coated plate with soluble anti-CD28 Ab (4 μg/ml). After 48 h, CD8 + T-cell proliferation was evaluated by flow cytometry.
Flow cytometry
For surface staining, cells were first incubated with FcγR blocker (CD16/32), followed by fluorochrome-labeled Abs of surface markers. For intracellular staining, GP33 and GP61 peptides were used in the presence of GolgiStop (BD Biosciences, San Jose, CA, USA) to stimulate virus-specific CD8 + and CD4 + T-cell responses, respectively. Phorbol myristate acetate (50 ng/ml) and ionomycin (750 ng/ml) from Sigma were also used in some experiments. After incubation, the cells were stained for surface markers first, then fixed by using an IC fixation buffer and finally stained for intracellular cytokines (eBioscience, San Diego, CA, USA). The phosflow experiments were performed according to the protocol from BD Biosciences. Briefly, the cells were stimulated with cytokines or the supernatants at the indicated times, followed by immediate fixation using a prewarmed Cytofix Fixation Buffer at 37°C for 12 min. The cells were permeabilized using chilled Perm Buffer III for 1 h on ice and then were washed and stained with BD phosflow Abs. The samples were processed using an LSRII FACSFortessa system (Becton Dickinson, San Jose, CA, USA) and were analyzed by using the FlowJo software (TreeStar, Ashland, OR, USA).
Recombinant cytokines, antibodies and inhibitors
Carrier-free rIL-33 and rIL-13 were purchased from Biolegend, and rIL-7 for ILC2 culture was obtained from Peprotech (Rocky Hill, NJ, USA). The following Abs were obtained from eBioscience: PE-anti-Ly6G (1A8), fluorescein isothiocyanate (FITC)-, and allophycocyanin-anti-IFN-γ (XMG1.2), PerCPCy5.5-anti-CD11b (M1/70), PerCP-efluor 710-anti-TNF-α (MP6-XT22), FITC-anti-CD107a (eBio1D4B), PE-antiGranzyme B (NGZB), PE-anti-F4/80 (BM8), allophycocyanin-anti-CD11c, and Fixable Viability Dye eFluor 506. The mouse lineage markers were FITC labeled, including CD3 (145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD11b (M1/70), CD11c (N418), Gr-1 (RB6-8C5), Ter-119 (Ter-119), Fcε R1 (MAR-1), CD49b (DX5), NK1.1 (PK136) and B220 (RA3-6B2). The following Abs were purchased from Biolegend: PECy7-anti-CD3 (17A2), APC-Cy7-anti-CD8 (53-6.7), Pacific Blue-anti-CD4 (GK1.5), and purified anti-CD16/32 (2.4G2). The anti-Ly6G Ab (1A8) and isotype control Ab (2A3) were from Bio X Cell (West Lebanon, NH, USA). The following phosflow Abs were purchased from BD Biosciences: Alexa Fluor 647 mouse anti-STAT3 (Py705), anti-STAT5 (pY694), and anti-STAT6 (pY641). The STAT5 inhibitor (Cat. no. 573108) was from Calbiochem (La Jolla, CA, USA). The STAT6 inhibitor AS 1517499 was from Axon Medchem (Reston, VA, USA). The Arg-1 inhibitor Nor-NOHA was from Cayman Chemical (Ann Arbor, MI, USA).
Quantitative reverse transcriptase-PCR (qRT-PCR)
Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Germantown, MD, USA) and was digested with DNase I (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was prepared from 1 μg of RNA by using an iScriptTM Reverse Transcription Kit (Bio-Rad, Hercules, CA, USA). qRT-PCR assays were performed using the iTaq SYBR Green Supermix and the CFX96 Touch Real-Time PCR Detection System (BioRad). The relative quantity of mRNA expression was calculated using the 2 − ΔΔCT method. The primers are listed in Supplementary Table S1 .
Bio-plex assay Liver cytokine profiles were characterized using the ProcartaPlex Mouse Cytokine Panel (eBioscience). The samples were read using a Bio-Rad Bio-Plex 200 System. Raw data were measured as the relative fluorescence intensity and then converted to the concentration according to the standard curve.
Propagation and quantitation of virus
The LCMV stocks were prepared and titrated according to a previous report. 30 Briefly, virus was incubated with baby hamster kidney cells for 72 h. The culture fluid was centrifuged for 10 min at 350g and 4°C and were stored at − 70°C. For quantitation of the virus, Vero cells were cultured with a series of 10-fold virus dilutions for 90 min, followed by a 0.5% agarose overlay. After 4 days of culture, immunofluorescence was performed using a mouse anti-LCMV polyclonal Ab (gift from Dr Robert Tesh, University of Texas Medical Branch), 29 and the positive clusters were counted, followed by the calculation of viral titers.
Statistical analyses
The data are shown as the means ± s.e.m. and were analyzed by using two-tailed Student's T-test for comparisons between two groups. One-way analysis of variance was used for the statistical analysis of more than two groups. For analysis of the histological scores, the nonparametric Kruskal-Wallis test was used. *, ** or *** represents P-valueo0.05, o0.01 or o0.001, respectively. Statistical analyses were performed by the GraphPad Prism software 5.0 (GraphPad Software Inc., San Diego, CA, USA).
RESULTS

LCMV infection recruits neutrophils in the liver
To determine whether neutrophils are involved in LCMVinduced viral hepatitis, we first examined the dynamic patterns of neutrophils in the spleen and liver during infection. Compared with uninfected mice, LCMV-challenged mice displayed extensive hepatitis at 7 dpi, as evidenced by increased
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Yuejin Liang et al pathology, serum alanine transaminase (ALT) levels and proinflammatory cytokines in the liver (Supplementary Figure S1) . The IFN-g + TNF-a + CD8 + T cells started to increase at 5 dpi, spiked at 9 dpi and tended to fade after 15 dpi in both the spleen and liver (Figures 1a and b) . The numbers of granzyme B + and CD107a + CTLs reached their peaks in the spleen and liver at 9 and 15 dpi, respectively, and remarkably decreased at 21 dpi (Figures 1a and b) . As reported previously, 15 neutrophils were significantly increased in the spleen when the CLT response shrank at 15 dpi (Figure 1a) . However, the liver neutrophils showed a similar pattern to liver CTLs after infection (Figure 1b) .
In humans, the CD11b hi CD62L dim neutrophil subset is considered immunosuppressive because they inhibit T-cell proliferation ex vivo. 23, 31 In our virus-infected mouse model, we found higher numbers of CD62L dim neutrophils than CD62L hi neutrophils in the liver after infection (Supplementary Figure S2) . Interestingly, the CD62L dim subset was the predominant neutrophil subset at the contraction stage (15 dpi). To further characterize liver neutrophils during viral infection, we purified neutrophils from the infected livers. The purity of neutrophils is high with very little contamination of macrophages and dendritic cells (Supplementary Figure S3) . We found that liver neutrophils expressed higher levels of C-X-C chemokine motif ligand 2 Figure 1 LCMV infection recruits neutrophils in the liver. Mice were i.v. injected with LCMV CL13 (2 × 10 6 pfu/each mouse) and were killed at 5, 9, 15 and 21 days postinfection (dpi). Uninfected mice were used as 0 dpi. Lymphocytes were isolated from the (a) spleens and (b) livers, followed by analysis using flow cytometry. (c) Neutrophils were purified from the bone marrow, spleens and livers at different time points. The gene transcript levels of CXCL2, iNOS, Arg-1, and IL-10 were measured using real-time PCR. The data are shown as the means ± s.e.m. of at least three mice per group from a single representative experiment. The experiment was repeated independently three times. A two-tailed t-test was used to compare the two groups. *Po0.05, **Po0.01. CXCL2, C-X-C chemokine motif ligand 2; IL, interleukin; iNOS, inducible nitric oxide synthase; i.v., intravenous; LCMV, lymphocytic choriomeningitis virus; pfu, plaque-forming unit.
Yuejin Liang et al (CXCL2), inducible nitric oxide synthase (iNOS), Arg-1 and IL-10 at 7 and 14 dpi than spleen neutrophils (Figure 1c) . Therefore, liver neutrophils displayed an immunosuppressive phenotype in LCMV-induced hepatitis.
Neutrophil depletion exacerbates liver injury at the contraction phase of T-cell responses Evidence has been accumulating for the heterogeneity and plasticity of neutrophils, which exhibit both protective and pathological functions in viral infection. 14 To assess the role of neutrophils in viral hepatitis, we depleted neutrophils in LCMV-infected mice with anti-Ly6G Ab (1A8), which is a neutralizing Ab specific for neutrophils but not for monocytes. 27 The efficiency of depletion was confirmed by Ly6G or Gr-1 staining. No Ly6G + cells can be detected after neutrophil depletion, while the percentages of CD11b + Gr-1 hi cells, which are considered neutrophils, were only 1-2% (Supplementary Figure S4) . We found that neutrophil depletion resulted in higher levels of serum ALT and aspartate aminotransferase (AST), increased lymphocyte infiltration and decreased the body weight at 14 but not at 7 dpi (Figures 2a-c) . Elevated serum viremia was detected in neutrophil-depleted mice compared with that in control mice (Figure 2d) . Although neutrophil depletion did not modify hepatic CD8 + T-cell responses at 7 dpi, it significantly increased the numbers of activated cytotoxic T cells (IFN-γ + , granzyme B + and CD107a + ) in the liver at 14 dpi (Figure 2e) . Together, our results suggested that neutrophils have a hepatoprotective role in the liver at the immune contraction stage.
IL-33 recruits neutrophils and protects the liver against injury
The protective roles of the IL-33/ST2 axis have been documented in mouse hepatitis models. 13, 32 Consistent with our A two-tailed t-test was used to compare the two groups. *Po0.05, **Po0.01. Ab, antibody; ALT, alanine transaminase; AST, aspartate aminotransferase; dpi, days postinfection; H&E, hematoxylin and eosin; IFN, interferon; IgG, immunoglobulin G; i.p., intraperitoneal; i.v., intravenous; LCMV, lymphocytic choriomeningitis virus; NS, no significance; pfu, plaqueforming unit.
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Yuejin Liang et al previous observation that IL-33 protects the liver in adenovirus infection, 13 we found that IL-33 treatment reduced serum ALT and AST levels, as well as liver injury, in LCMV-infected mice at 6 dpi (Figures 3a and b) . In addition, reduced T-cell infiltration in the liver was observed in IL-33-treated mice (Figure 3c ). Although IL-33 treatment significantly increased the percentages of IFN-γ-, CD107a-and granzyme B-expressing CD8 + T cells in the liver (Figure 3d ), lower levels of antivirus-associated cytokines and a higher viral load were observed in whole-liver tissue of the IL-33-treated group (Figure 3e and Supplementary Figure S5 ). This reduction in the levels of cytokines and chemokines in liver tissues was probably due to the decreased lymphocyte infiltration and alleviated liver damage by IL-33 treatment (Figures 3a-c) .
In addition to its effect on T cells, IL-33 can behave as a strong chemokine for neutrophil recruitment in bacterial infection. 20 Because we have observed the hepatoprotective role of neutrophils (Figure 2 ), we speculated that IL-33 may attenuate liver injury by promoting neutrophil recruitment in viral hepatitis. Here we provided evidence that neutrophil influx was significantly increased in the liver by IL-33 treatment, as judged by IHC staining and flow cytometry (Figure 3f ). In addition, IL-33 treatment increased the percentage of neutrophils in the bone marrow (Supplementary Figure S6) . Moreover, IL-33 treatment significantly increased the number of ILC2 in both the spleen and liver (Figure 3g) . Interestingly, we found that the predominant type 2 immune cells in the spleen were the lineage marker-positive cells, probably T helper 2 (Th2) cells or alternative macrophages. However, IL-33 preferred to induce ILC2 rather than lineage + IL-13 + cells in the liver (Figure 3g ).
IL-33 induces immunosuppressive neutrophils through ILC2-derived IL-13
To investigate how IL-33 regulates neutrophil activity, we compared the mRNA transcript levels of intrahepatic neutrophils between PBS-and IL-33-treated mice at 6 dpi. We found elevated Arg-1 expression by IL-33 treatment, but other molecules (IFN-γ, TNF-α, IL-10, IL-17, CXCL1, CXCL2 and iNOS) were not changed (Figure 4a ). To ascertain how IL-33 induces Arg-1 expression in neutrophils, we stimulated neutrophils with IL-33 in vitro for 6 and 16 h. Unexpectedly, IL-33 failed to increase the Arg-1 transcript levels (Figure 4b ). Because IL-33 can potently induce ILC2 in the liver (Figure 3g ), 13 we speculated that IL-33 promoted Arg-1 expression in the liver through ILC2-derived IL-13. To test this hypothesis, we stimulated neutrophils with IL-13 and found that IL-13 could potently induce Arg-1 expression in neutrophils. Moreover, IL-13 synergized with IL-33 to further amplify its effect (Figure 4b ). To verify this finding, we established a transwell system for ILC2 and neutrophil coculture and found that ILC2 increased Arg-1 expression of neutrophils in a dose-dependent manner (Figure 4c ). We also incubated neutrophils with ILC2 culture supernatant and detected markedly increased the Arg-1 expression in neutrophils. However, the effect of the ILC2 supernatants was significantly inhibited by the depletion of IL-13 ( Figure 4d) . Finally, incubation of CD8 + T cells with neutrophils resulted in decreased T-cell proliferation in vitro. Interestingly, IL-13 significantly inhibited T-cell proliferation in the CD8 T-cell/ neutrophil co-culture system, while the arginase inhibitor could partially restore this inhibition (Figure 4e ). Taken together, these data confirmed that IL-33 induced immunosuppressive neutrophils via ILC2-derived IL-13, resulting in restrained CD8 + T-cell responses.
ILC2-derived IL-13 induces Arg-1 expression in neutrophils through STAT6 Th2 cytokines can activate cells through several STAT signaling pathways, including STAT3, STAT5 and STAT6. [33] [34] [35] To determine the pathway involved in ILC2/IL-13-induced Arg-1 expression, we analyzed the level of STAT phosphorylation in neutrophils by stimulation with IL-13 or the ILC2 supernatant. Both significantly increased the phosphorylated STAT6 (p-STAT6) levels, and the effect of the ILC2 culture supernatant was completely abolished in the presence of anti-IL-13-neutralizing Ab (Figures 5a and b) . IL-13 also induced p-STAT5 levels, but not p-STAT3 levels, in neutrophils (Supplementary Figure S7A) . To assess the role of STAT5 and STAT6 in regulating the Arg-1 expression, we applied STAT5 and STAT6 inhibitors in cell culture. These inhibitors potently suppressed the phosphorylation of the target molecules in the presence of IL-13 or ILC2 supernatant (Figure 5c and Supplementary Figure S7B) . We further found that the inhibition of STAT6, but not STAT5, significantly decreased the Arg-1 transcript levels (Figure 5d and Supplementary Figure S7C) . Collectively, ILC2-derived IL-13 promotes Arg-1 expression in neutrophils through the STAT6 signaling pathway.
DISCUSSION
Neutrophils are polymorphonuclear leukocytes and were previously described as pro-inflammatory cells during infections. As the first responders to infections, neutrophils are recruited rapidly to the infection site and eliminate pathogens in several ways, including phagocytosis, degranulation and neutrophil extracellular traps (NETs). 17, 36 In recent years, neutrophils have been considered an important immune regulator for both innate and adaptive immune responses rather than simple proinflammatory cells. 37 In persistent LCMV infection, neutrophils expand and remain sustained even after 7 dpi, and they have an immunosuppressive role in antiviral T-cell function in the spleen. 15 However, the role of neutrophils in viral hepatitis is not entirely clear. In this study, we induced T cell-mediated hepatitis in mice by LCMV infection and observed vigorous recruitment of neutrophils into the liver. The concurrent pattern of neutrophils and CD8 + T cells suggested that neutrophils may have a role in shaping adaptive immune responses in viral hepatitis (Figure 1) . The recruitment and function of neutrophils is orchestrated differently within specific organs, depending on tissue-resident cells and the immune environment. [38] [39] [40] Notably, we observed that liver neutrophils were likely to exhibit an immunosuppressive phenotype as characterized by surface CD62 dim expression, especially at the immune contraction stage in viral infection (Supplementary Figure S2) . Further evidence showed that neutrophils in the liver expressed higher levels of CXCL2, iNOS, Arg-1 and IL-10 than those in the spleen. These findings indicated that liver neutrophils may have an immunosuppressive role by the secretion of immunomodulatory cytokines.
Neutrophils have been reported to inhibit CD8 + T-cell proliferation and cytokine production in persistent infections. 15 Here we found that the depletion of neutrophils promoted hepatic CTL responses and exacerbated T-cellmediated liver injury at 14 dpi, suggesting that neutrophils have an immunosuppressive role in the liver during the immune contraction phase of viral infection (Figure 2 ). In fact, neutrophil depletion did not influence liver injury and CTL responses at 7 dpi. At the acute stage, nearly half of the neutrophils displayed the CD62L hi -activated phenotype and may contribute to tissue damage and viral clearance. 41 However, at the contraction stage, almost all of the neutrophils showed a CD62 dim -immunosuppressive feature (Supplementary Figure S2) . Therefore, the distinct outcomes of neutrophil depletion at the acute (7 dpi) and contraction (14 dpi) phases might be due to the unique composition of were incubated with CFSE-labeled splenic CD8 + T cells (2 × 10 5 ) from naive mice in an anti-CD3 Ab (5 μg/ml)-coated plate with soluble anti-CD28 Ab (4 μg/ml). Recombinant IL-13 (40 ng/ml) and arginase inhibitor Nor-NOHA (50 μM) were added at the beginning of the culture. After 48 h, CD8 + T-cell proliferation was measured by flow cytometry. The data in panel (a) are shown as the means ± s.e.m. of at least three mice per group from a single representative experiment. The experiment was repeated independently three times. The in vitro experiment in panels (b-e) was repeated at least four times independently. Two-tailed t-test was used to compare the two groups. One-way ANOVA was used to compare more than two groups. *Po0.05, **Po0.01, ***Po0.001. Ab, antibody; ANOVA, analysis of variance; CFSE, carboxyfluorescein succinimidyl ester; dpi, days postinfection; IgG, immunoglobulin G; IL, interleukin; ILC2, type 2 innate lymphoid cell; i.p., intraperitoneal; i.v., intravenous; LCMV, lymphocytic choriomeningitis virus; NS, no significance; PBS, phosphate-buffered saline; pfu, plaque-forming unit; qPCR, quantitative PCR; rIL-13, recombinant IL-13.
neutrophil subpopulations at different infection stages. Of note, the timing of neutrophil depletion is critical for the disease outcome. 42 Depletion prior to infection may lead to reduced viremia in the host because neutrophils can facilitate viral spread by shaping the local pro-inflammatory responses and attracting unique pathogen-carrier cells to the infection site. 43 However, neutrophil depletion after systemic infection may cause increased viral load in the host because viral infection induces the release of NETs, which protect host cells from viral infection. 41 Additionally, our data suggested the indispensable role of neutrophils for viral clearance because the depletion of neutrophils caused an increased viral load in the liver during infection (Figure 2d) .
IL-33 is a new member of the IL-1 family with a growing number of target cells and diverse functions. 7, 44 IL-33 deficiency resulted in decreased antiviral immunity in both acute and persistent viral infection. 12, 45 We found that, although IL-33 treatment enhanced the cytotoxic activity of CTLs, it reduced the number of T cells and attenuated liver injury (Figure 3 ). This result indicated that exogenous IL-33 negatively regulated CD8 + T-cell proliferation in the liver indirectly. Consistent with a previous report on bacterial and fungal infection, 20,46,47 IL-33 triggered neutrophil recruitment in the liver in our model (Figure 3f ). In addition, the percentage of neutrophils in the bone marrow was increased by IL-33 treatment (Supplementary Figure S6) . This finding suggests that IL-33 may also regulate neutrophil generation in the bone marrow. L-arginine is important for metabolic fitness and the survival capacity of T cells. 48, 49 Granulocytes are the main producers of arginase, which can inhibit T-cell functions by reducing the bioavailability of L-arginine. [50] [51] [52] In leishmaniasis, arginase depletes L-arginine and suppresses local T-cell responses. 53 In HBV transgenic mice, myeloid-derived suppressor cells inhibit HBV-specific CD8 + T-cell responses through arginase. 54 We found that IL-33 promoted these liver-infiltrated neutrophils to uniquely express higher Arg-1 The data are shown as the means ± s.e.m., and the experiment was repeated independently three times. A two-tailed t-test was used to compare the two groups. One-way ANOVA was used to compare more than two groups. ***Po0.001. Ab, antibody; ANOVA, analysis of variance; IL, interleukin; ILC2, type 2 innate lymphoid cell; NS, no significance; qPCR, quantitative PCR; rIL-13, recombinant IL-13; STAT6, signal transducer and activator of transcription factor 6.
( Figure 4a) . Unexpectedly, although IL-33 can induce neutrophil recruitment, it was not capable of directly inducing Arg-1 in neutrophils in vitro (Figure 4b) . Recently, type 3 innate lymphoid cells were reported to regulate neutrophil responses through the production of cytokines, including granulocyte macrophages colony-stimulating factor. 55 Given that IL-33 induces ILC2 in the liver during viral infection, 13 we speculated that IL-33 may regulate neutrophil function through ILC2 induction. Interestingly, unlike in the spleen, IL-33 treatment predominantly amplified ILC2 but not the IL-13 + lineage + cells in the liver (Figure 3g) . Therefore, the IL-33-induced type 2 immune response in the liver was attributed to ILC2, but other cells (for example, Th2) in lymphoid organs could contribute to the systemic type 2 immune responses. We further found that ILC2 upregulated Arg-1 expression in neutrophils in a dose-dependent manner, and this process was attributed to ILC2-derived IL-13 (Figures 4b-d) . Moreover, IL-13-treated neutrophils suppressed CD8 + T-cell proliferation in vitro through Arg-1 (Figure 4e ). We suspected that type 2 immune responses may limit the excessive T-cell activity in viral infection by modulating the function of myeloid cells. 56 However, long-lasting type 2 cytokine production is detrimental and may lead to liver fibrosis in chronic infection. 57 We previously reported that adoptive transfer of ILC2 did not exhibit a hepatoprotective effect in LCMV infection similar to that of IL-33. 58 It is possible that, unlike IL-33, ILC2 may not be able to efficiently recruit neutrophils into the liver. Additionally, viral infection mounts strong type 1 immune responses that can negatively regulate ILC2 function in vivo. 59 Therefore, IL-33 can not only recruit neutrophils but can also educate them to obtain immunosuppressive properties through ILC2. Collectively, our results demonstrated that IL-33 inhibited liver CD8 + T-cell responses by ILC-2-educated neutrophils.
IL-13 is an activator of the STAT pathway 60 and can induce arginase in myeloid cells. 52 We found that IL-13 induced the phosphorylation of both STAT5 and STAT6, but not STAT3, in neutrophils. Moreover, the IL-13-induced Arg-1 expression was dependent on STAT6 but not on STAT5 ( Figure 5 and Supplementary Figure S7) . Similarly, the ILC2 supernatant increased Arg-1 expression in neutrophils similar to rIL-13, and this induction was abolished by the neutralization of IL-13 ( Figure 5 ). Therefore, IL33 not only recruits neutrophils in the liver but also molds them into immunosuppressive phenotypes through the ILC2/IL-13/STAT6 axis. 51 It is likely that IL-33 might also regulate neutrophil function in other ways, such as the IL-33/ILC2/IL-5 axis. 61 Additionally, PD-L1 expression in ILC2 and neutrophils may contribute to IL-33-mediated liver protection. 62, 63 In addition to neutrophils, IL-33 may limit excessive T-cell responses by facilitating other types of immune cells, such as Treg cells and G-MDSCs. 10, 64 These interesting questions are not involved in this study and may need to be addressed in the future.
In summary, our study provides new insights into the role of neutrophils in viral infection-induced hepatitis. We also demonstrated that IL-33 induces immunosuppressive neutrophils via ILC2 and protects the liver against T cellmediated injury. A better understanding of this immune regulation will be beneficial for translational research and clinical therapeutics in infectious diseases.
